Introduction
In the last years, the efficient use of the multianvil high-pressure technique [1, 2] opened up new fields of synthesis, which were out of reach till then. Our research has been orientated into the investigation of borate chemistry under high-pressure / high-temperature conditions. Apart from the transformation of known borates to new high-pressure polymorphs (e. g. δ -BiB 3 O 6 [3] ), the syntheses led to compounds with new compositions and interesting structural features. The most striking discovery was the structural motif of edge-sharing BO 4 tetrahedra ([B 2 O 6 ] 6− units). For the first time, it was observed in 2002 in the rare-earth borate Dy 4 B 6 O 15 [4, 5] and two years later in the isotypic holmium phase Ho 4 B 6 O 15 [5, 6] . A second series of borates, which exhibit edge-sharing BO 4 tetrahedra in a different structure type, could be synthesized with the composition α-RE 2 B 4 O 9 (RE = Sm-Ho) [7 -9] . In these examples, only 1 /3 (RE 4 B 6 O 15 (RE = Dy, Ho)) or 1 /10 (α-RE 2 B 4 O 9 (RE = Sm-Ho)) of the BO 4 tetrahedra bridge to a second tetrahedron via a common edge. In the last three years, we could synthesize two isotypic borates, in which all BO 4 tetrahedra share a common edge with a second tetrahedron: HP-NiB 2 O 4 [10] and β -FeB 2 O 4 [11] . Up to now, we cannot predict the occurrence of edge-sharing BO 4 0932-0776 / 10 / 1100-1311 $ 06.00 c 2010 Verlag der Zeitschrift für Naturforschung, Tübingen · http://znaturforsch.com tetrahedra. To our astonishment, the structural feature of edge-sharing BO 4 tetrahedra was recently found in the compound KZnB 3 O 6 , synthesized under ambientpressure conditions [12, 13] . Thus, the structural motif of edge-sharing BO 4 tetrahedra is no longer a domain of high-pressure chemistry, but still favored under these conditions, as there are eleven different compounds with three structure types prepared under highpressure, and only one compound synthesized under ambient-pressure conditions. In this context, we recently synthesized the compounds M 6 B 22 O 39 · H 2 O (M = Fe, Co) [14] , which are built up from cornersharing BO 4 tetrahedra, forming corrugated multiple layers, interconnected by BO 3 groups. The standard planar geometry of the BO 3 groups in these compounds is distorted, their structure being close to that of BO 4 tetrahedra if additional oxygen atoms of the neighboring BO 4 tetrahedra are considered to be part of the coordination sphere of the boron atoms. This situation can be regarded as an intermediate state on the way to edge-sharing tetrahedra.
A closer look at the system Co-B-O reveals the known compositions Co 3 (BO 3 ) 2 [15] 99.9 %) (1 : 3) was ground together and filled into a boron nitride crucible (Henze BNP GmbH R , HeBoSint R S10, Kempten, Germany). This crucible was positioned into the center of an 18/11-assembly and compressed by eight tungsten carbide cubes (TSM-10, Ceratizit, Reutte, Austria). The pressure was applied via a Walker-type multianvil device and a 1000 t press (both devices from the company Voggenreiter, Mainleus, Germany). A detailed description of the assembly can be found in refs. [2, 20 -23] . To synthesize HP-CoB 2 O 4 , the mixture was compressed to 6.5 GPa within three hours and kept at this pressure for the heating period. The temperature was increased in 10 min to 950 • C, kept there for 15 min, and decreased to 450 • C in 40 min. The sample was cooled down to r. t. by switching off the heating, followed by a decompression period of 9 h. The recovered pressure medium was broken apart, and the surrounding boron nitride crucible was removed from the sample. The compound HP-CoB 2 O 4 was gained in form of violet crystals from a complex product mixture of at least three phases. Unfortunately, it was not possible to receive a phase-pure sample up to now. However, the corresponding reflections of HP-CoB 2 O 4 in the powder pattern could be indexed (Table 1) , and due to the characteristic color of HP-CoB 2 O 4 it was possible to isolate singlecrystals from the mixture for the structure determination and the spectroscopic investigations (IR/Raman).
During the synthesis, the cobalt cations of Co 3 O 4 with the oxidation state 3+ were reduced to the oxidation state 2+. A reduction of metal ions to lower oxidation states is often observed in the reducing environment of the multianvil highpressure assembly, when hexagonal boron nitride is used as crucible material [24] . A precise explanation of the redox mechanism with hexagonal boron nitride as reducing agent can not yet be given.
FTIR spectroscopy
FTIR-ATR (Attenuated T otal Reflection) spectra of single crystals were recorded with a Bruker Vertex 70 FT-IR spectrometer (spectral resolution 4 cm −1 ) attached to a Hyperion 3000 microscope in a spectral range from 600 -4000 cm −1 . A frustrum-shaped germanium ATR-crystal with a tip diameter of 100 µm was pressed onto the surface of the borate crystal with a power of 5 N, which crushed it into pieces of µm-size. 64 scans for the sample and the background were acquired. Beside the correction of the spectra for atmospheric influences, an enhanced ATR correction [25] , using the OPUS 6.5 software, was performed. A mean refraction index of the sample of 1.6 was assumed for the ATR correction. Background correction and peak fitting were carried out via polynomial and folded Gaussian-Lorentzian functions.
Raman spectroscopy
The confocal Raman spectra of the single crystals in the range 100 -4000 cm −1 were obtained with a Horiba Jobin Yvon LabRam-HR 800 Raman micro-spectrometer. 
Crystal structure analysis
The powder diffraction pattern was obtained in transmission geometry, using a Stoe Stadi P powder diffractometer with monochromatized MoK α1 (λ = 70.93 pm) radiation. It was indexed with the program ITO [26] on the basis of a monoclinic unit cell. The lattice parameters (Table 1) were calculated from least-squares fits of the powder data. The correct indexing of the pattern of HP-CoB 2 O 4 was confirmed by intensity calculations, taking the atomic positions from the structure refinement [27] .
For the single-crystal structure analysis, small irregularly shaped crystals of HP-CoB 2 O 4 were isolated by mechanical fragmentation. Measurements of the single-crystal intensity data were carried out at r. t. with a Nonius Kappa CCD 4-circle diffractometer, equipped with graphite-monochromatized MoK α (λ = 71.073 pm) radiation, a Micracol Fiber Optics collimator, and a Nonius FR590 generator. A semiempirical absorption correction, based on equivalent and redundant intensities (SCALEPACK [28] ), was applied to the intensity data. The positional parameters of the isotypic compound β -FeB 2 O 4 were used as starting values for the structure refine- Tables  2 -4 show the positional parameters, the anisotropic thermal displacement parameters, selected interatomic distances, and angles. Further details of the crystal structure investigation may be obtained from Fachinformationszentrum Karlsruhe, 76344 Eggenstein-Leopoldshafen, Germany (fax: +49-7247-808-666; e-mail: crysdata@fiz-karlsruhe.de, http://www.fizinformationsdienste.de/en/DB/icsd/depot anforderung.html) on quoting the deposition number CSD-422063.
Results and Discussion
The crystal structure of HP-CoB 2 O 4 is depicted in Fig. 1 with a view along [001] . This centrosymmetric oxoborate is composed of layers of distorted BO 4 tetrahedra in the bc plane. These layers are linked by strings of edge-sharing CoO 6 octahedra, running along the c direction. Fig. 2 shows that inside the layers each of the BO 4 tetrahedra is connected to a second one via edge-sharing, forming B 2 O 6 units. These units are interconnected via common corners, resulting in "sechser" rings [31] formed by four B 2 O 6 units. For a more detailed description of the HP-NiB 2 O 4 structure type see ref. [10] .
As already mentioned, the structure of HP- [32] , synthesized also under high-pressure conditions. Thus, the second high-pressure iron borate got the prefix β to distinguish these two polymorphs. [4 -6] , and KZnB 3 O 6 (207.9(4) pm) [12, 13] .
In the distorted CoO 6 octahedra, the Co-O distances vary between 207.3(2) and 224.20(9) pm and average to 213.0 pm. This value is in good agreement with the average Co 2+ -O bond lengths in CoO 6 octahedra of 212.2 pm found in Co 2 B 2 O 5 [16, 17] .
Furthermore, bond-valence sums were calculated for all atoms of HP-CoB 2 O 4 , using the bondlength/bond-strength concept (ΣV) [35, 36] and the CHARDI concept (Charge Distribution in Solids, ΣQ) [37] . The results of both concepts confirm the supposed formal ionic charges, deduced from the crystal structure (ΣV: +1.88 (Co), +2.97 (B), −1.91 (O1), −2.00 (O2) and ΣQ: +2.04 (Co), +2.98 (B), −1.87 (O1), −2.13 (O2)).
The MAPLE values (Madelung Part of Lattice Energy) [38 -40] were calculated in order to compare them with the data of the binary component CoO and the high-pressure modification B 2 O 3 -II. Due to the additive potential of the MAPLE values, it is possible to calculate hypothetical values for HP-CoB 2 O 4 , starting In spite of the isotypy, there are differences in the structures, owing to the variation of the ionic radii and the electronic configuration of the metal ions. Table 5 lists the different ionic radii [43, 44] . For Fe 2+ and Co 2+ , both the high-spin (hs) and the low-spin (ls) states are listed for a comparison of selected structural parameters of the isotypic structures β -FeB 2 O 4 and HP-MB 2 O 4 (M = Co, Ni). Fig. 4 shows a graph of the coherence of the increasing cell volume with the larger ionic radii of Co 2+ (hs) and Fe 2+ (hs). The unit cell volumes of the compounds show a positive linear gradient only with the ionic radii of the metal cations in their high-spin state. The low-spin states of Fe 2+ and Co 2+ would imply an increase of the cell volume with decreasing ionic radii of Fe 2+ and Co 2+ , which would be anomalous. A closer look at the lattice parameters b and c (Table 5 ) reveals only a minor or rather no difference. In contrast, the lattice parameter a shows remarkable differences (β -FeB 2 O 4 : 950.0(2) pm, HP-CoB 2 O 4 : 934.6(2) pm, HP-NiB 2 O 4 : 924.7(2) pm). Due to the fact that the differences in bond lengths and angles within the BO 4 tetrahedra of the three compounds are negligible, the reason for the different lattice parameter has to be found in the ionic radii of the cations. Compared to HP-CoB 2 O 4 , the increased ionic radius of Fe 2+ (hs) leads to an enlargement of the interlayer distance in β -FeB 2 O 4 along a and a broadening of the strings of the FeO 6 octahedra along b. In the c direction, no elongation of the strings of octahedra can be observed. In HP-NiB 2 O 4 , the decreased ionic radius of Ni 2+ causes a shortening of the interlayer distance along a and of the strings of NiO 6 octahedra along b.
Vibrational spectroscopy
The FTIR-ATR and Raman spectra of HP-CoB 2 O 4 are displayed in Figs. 5 and 6, respectively. Assignments of the vibrational modes are based on a comparison with the experimental data of borate glasses and crystals containing BO 3 and BO 4 building units [34, 45 -49] . In the IR-absorption spectrum, several groups of bands were detected around 650 and between 700 and 850, together with a strong band around 1000 and a weak band at 1380 cm −1 . The Raman spectrum of HP-CoB 2 O 4 is characterized by the most intense line at 187 cm −1 and several groups of lines around 400, 600, 850, and 1100 -1400 cm −1 .
Vibrational spectra of borate compounds containing edge-sharing B 2 O 6 units were reported in refs. [11, 14, 16] . The authors assigned bands in the region 800 -1100 cm −1 to stretching modes of units with boron tetrahedrally coordinated to oxygen. The antisymmetric stretching modes are expected to be intense in the IR spectrum and located around 1050 cm −1 , and the Raman-active symmetric stretching modes between 850 and 900 cm −1 [50] . Absorption bands and Raman lines between 1200 and 1450 cm −1 would be expected for oxoborates containing BO 3 groups, which do not occur in the structure of HPCoB 2 O 4 . The Raman spectrum exhibits weak lines at 1200 and 1360 cm −1 , which were shown to be presumably related to symmetrical stretching modes of edge-sharing BO 4 tetrahedra in the B 2 O 6 units in refs. [11, 14, 16] . However, these lines are weaker and occur at decreased wavenumbers compared to those of HP-NiB 2 O 4 (1262 and 1444 cm −1 [10] ). Bands below 800 cm −1 can be assigned to complex bending and stretching vibrations of the B 2 O 6 unit, Co-O bonds, and lattice vibrations. In the range from 2000 to 4000 cm −1 , where vibrational modes caused by OH groups or water molecules contained in the structure are expected, only bands caused by nail finish contamination or adsorbed water could be detected.
Conclusions
In this paper, the synthesis and crystal structure of the high-pressure phase HP-CoB 2 O 4 is reported and compared to the isotypic phases β -FeB 2 O 4 and HP-NiB 2 O 4 . The structure consists of layers of BO 4 tetrahedra connected via strings of edge-sharing CoO 6 octahedra. The metal cations in β -FeB 2 O 4 and HP-MB 2 O 4 (M = Co, Ni) exist in the high-spin configuration.
